Abstract. In this paper, the friction characteristics of cylinder are studied based on the Stribeck friction model. By building the cylinder friction test rig, the experimental friction-velocity maps of the cylinder is obtained and the influence of the piston linear velocity on the friction force was studied. The friction force fitting model of the cylinder system was obtained by using the obtained data. It can be used to characterize the actual friction force, which can provide the definite reference value for the cylinder friction force in the process of the system work, and is an important step to friction compensation in the control system.
Introduction
Cylinders are widely used in industry due to their important role in factory automation. Cylinder friction is very important to optimize the effective force of the cylinder, improve the positioning accuracy of the system, and optimize seals. In order to establish a pneumatic control system with high stability, small tracking error and location error, high aerodynamic power, it is necessary to study the friction characteristics of the cylinder [1] [2] [3] . Eschmann [4] proposed a test methodology to measure the global friction in the two cylinders with imposed pressure values, in which a hydraulic cylinder is used to drives the two twin cylinders with the desired velocity. Kazama and Fujiwara [5] used a load cell to measure the friction in hollow rod cylinders, which senses the force transmitted by the rod to a frame. Schroeder and Singh [6] used a measurement method in which the friction force is computed by detecting the force exchanged by the rods of the tested pneumatic cylinders and that of a driving hydraulic cylinder assembled with a reversed working direction. Gbelfore [4, 7] designed a passive-driven test method which adopts a hydraulic cylinder to provide a steady speed to drive the cylinder to move. The pressure in the two chambers of the cylinder is controlled by the pressure reducing valve, so that the cylinder can be independently controlled in terms of velocity and pressure. Gbelfore [7] conducted extensive experiments and finite element analysis to study the effects of gas pressure on the deformation of different types of seals and the friction force of the cylinder, the study showed that the effect of the two chamber gas pressure on the friction force of the cylinder is much less than that of the velocity.
Although many researchers have done a great deal of researches on the test method of the cylinder friction force, there is no definite reference value for the cylinder friction force in the process of system work which is an important step to friction compensation and can contribute to the precision control success. In this paper, a cylinder friction test rig is built to analyze the changing process of friction in cylinder operation, then, the friction characteristics of cylinder are analyzed based on the Stribeck friction model to obtain the fitting model of the cylinder friction force.
Friction Force Model
There are two main models of friction force model: static friction model and dynamic friction model. The static friction model describes the friction as a function of velocity, which is relatively simple in form and can be measured by steady-state experiments. The dynamic friction model is described as a function of friction velocity and displacement, which is more complex in form and more difficult to identify parameters, but can better describe the nonlinear behavior of friction.
In the 19th century, German scholar Stribeck studied the influence of velocity, normal load and viscosity of lubricant on the friction force through the friction experiment between rolling bearing and journal bearing. The results show that the objects are in dry friction or boundary lubrication state at low speed, and the lubrication between objects increases with the increase of velocity, so the friction force shows a decreasing characteristic, that is, the negative damping characteristic. At high speed, the objects are fully lubricated, the viscous friction plays the major role, and the friction exhibits an ascending characteristic, that is, the Stribeck effect [8] [9] [10] [11] , as shown in Figure 1 and its expression is written as Eq. 1. The friction force of the system in this model is described as a function of velocity and the friction characteristics are mainly determined by the system parameters coulomb friction, viscous damping coefficient, Stribeck velocity, and dimensionless constant.
(1) Where F f is the friction between the cylinder and the piston seal, F c is the Coulomb friction, C s is the viscous damping coefficient, v is the piston velocity, u s is the stribeck velocity. Many experiments show that the Stribeck friction model can approximate the actual friction force with accuracy of more than 90% and can describe the friction behavior of the object at low speed more accurately and the static characteristics of the friction force more fully. Based on this model, the phenomenon of creep and limit cycle caused by friction can be studied, and the parameters of the model can be obtained by measuring the friction-velocity curve at the constant speed. This paper studies the friction characteristics of the cylinder based on the Stribeck friction model.
Test Rig
The Friction force experimental test apparatus is designed to get the friction-velocity map of the cylinder during working. The schematic view of the experimental apparatus is shown in Figure 3 . Figure 2 shows the schematic of the test solution. The cylinders, pistons, seals and lubrication conditions used in the experiment are all the same as the actual ones, which ensures the validity of the cylinder friction test. The main parameters of the experimental test apparatus are given in Table 1 . Figure 2 shows the forces acting in the cylinder while the piston is moving with velocity v and the force analysis during the piston movement is as follows:
When the piston is moving to the right:
When the piston is moving to the left:
Where A and B are the cross-sectional areas in the front and rear chamber, respectively, F g is the force of the rod, and the F f is the cylinder friction force. As shown in the Figure 3 , the ball screw is rigidly connected with the piston rod through a T-shaped connection block, so that the piston can move reciprocally in the cylinder, and the cylinder is positioned between the two symmetrical cylinder bases. The magnetic base is used to fix the cylinder block, cylinder barrel and precision linear guide on the test bench, so as to avoid the shaking of cylinder and linear slide table during the experiment. A servo closed-loop stepper motor with a linear ball screw was used to drive the piston to make a linear motion, and the linear velocity of the piston can be set by the driver of the closed-loop servo stepper motor. The closed-loop servo stepper motor and its driver shown in Figure 4 , the drive has a 32-bit motor control dedicated DSP chip, the impulse response frequency up to 200KHz, which provides 16 general options. The pulse signal of the drive is provided by the PLC. Figure 5 is the physical map of the precise linear ball screw, the effective stroke of it is 700mm, and the guide of the ball screw is 4mm. Piston linear motion velocity can be expressed as, Where v is the linear velocity of piston, n is the velocity of motor, P h is the stroke of precise linear ball screw, f is the pulse frequency of driver output, a is the number of motor driver pulse subdivision.
According to Eq. 2 and 3, it is necessary to know the gas pressure in the two chambers and the force on the piston rod to measure the cylinder friction at a constant speed. Since the two chambers of the cylinder are communicated with the atmosphere, the gas pressure in the two chambers can be obtained by directly measuring the force area of the two-chamber piston. In this experiment, the force area of the piston is constant, so only the force of the piston rod at different speeds needs to be measured. The force of the rod on the piston can be obtained by measuring the stress and cross-sectional area of the rod and the strain gauge is used to measure the force. TMR-200 is a multi-channel data acquisition system, as shown in Figure 6 . The resolution of the full bridge strain measurement unit reaches 1e-6, so the device can meet the test requirements. The parameters directly measured by the TMR-200 are the stress on the position of the strain gauge attached to the rod. So, the piston rod force is calculated as follows, 
Experimental Results
Before the experiment, the piston is allowed to run in the cylinder for a period of time to make the cylinder more fully lubricated and the test conditions closer to the actual conditions, making the test results more reasonable. During the test, by adjusting the pulse frequency sent by the PLC to the driver and setting the subdivision of the driver to adjust the velocity of the closed-loop servo stepper motor. In order to make the piston run smoothly, the motor driver is usually set to high frequency and large subdivision. The specific testing process is shown in Figure 7 . When the motor velocity is 525r/min and the piston linear motion velocity is 35mm/s, the change of rod stress is shown in Figure 8 , the data acquisition frequency is set to 100Hz and the test time is 60s. When the piston starts to move, the friction force is larger, the stress of the rod reaches 0.52MPa. When the piston velocity is stable, the stress of the rod changes smoothly. The average stress of the rod in the whole process is 0.32MPa and the cross-sectional area of the rod in the position of the strain gauge is 155.6mm 2 . The average force of the rod is 49.1N during the whole test process which is calculated by Eq. 6. So, when the piston velocity is 35mm/s, the friction force of the cylinder is 49.1N. Figure 9 is the friction-velocity curve of the cylinder, it can be seen that when the piston velocity is in the range of 0-35mm/s, the friction force of the cylinder decreases gradually, and the friction force of the cylinder is linearly increased in the range of 35-200mm/s. The test results of cylinder friction are in accordance with the characteristics of the Stribeck friction force curve, so the Stribeck friction model is applied to fit the experimental data, and the result is written as Eq. 7. The fitting result is compared with the experimental curve. It can be seen from Fig. 9 that the experimental curve and the fitting curve basically coincide. According to the symmetry of the Stribeck model, the friction of the cylinder with the piston velocity between -200mm/s-0 can be obtained. Therefore, the model of the cylinder friction can be expressed by Eq. 8, and the relevant parameters of the model are listed in Table 2 
Conclusions
In this paper, an experimental apparatus to measure the friction force in cylinder is described, and the friction characteristics of the cylinder is studied through their main friction coefficients obtained from experimental friction-velocity maps. The experimental results show that the friction-velocity curve of the cylinder is in accordance with the stribeck frictional model, so the experimental data is fitted with the stribeck model to obtain the friction force fitting model of the cylinder.
Since there is no exact reference value for the cylinder friction force in the process of the system work, this paper is a contribution to overcome this lack. The friction force fitting model of the cylinder can provide the definite reference value for the cylinder friction force in the process of the system work, which is an important step to friction compensation in the control system.
